completely replaced by a more up-to-date an-d useful structure.
Fact without coineept is meaningless. But eonieept that becomes dogma defeats its verv purpose. Ideally, conieept must reasonably encompass all the known facts and, in addition, be able to predict some facts still undiscovered. In short, a conieept is a momnentary advaneed post in the constanit struggle to enhance knowledge.
The evidence from which my presenit concepts are derived is covered in the progress reports of my colleagues and myself and will not be detailed here. Instead, I shall deal in this lecture in broad sweeps, recognizing full well the limitations of such an approach. I do this because I am convineed that the format of physiologic knowledge is too often pedestrian and lacks the great vistas that a man like Einthoven would bring to the subject. It is not easy to accomplish this kinid of synthesis effectively. If, however, my efforts help in turning your attention away from the essential, but dreary, assembly of an unsightly heap of pebbles toward the pleasure to be derived from the ereation of a structure that has form and meaning, and approaches the truth, then I will consider myself well rewarded for having prepared this lecture.
The Mechanics of the Heart's Performance The Contractile Machinery
In essence, this machinery consists of a large number of contractile units coninected, both in series and in parallel, with stiff elastic eomponents, and operating within a viscid medium ( fig. 1 ). The precise quantitative Circulation. Volume XXVIII, July 19631
Figure 1
A schematic diagram of the contractile mechanism of the ventricles. R.V. and L.V. are, respectively, the right and left ventricles. The contractile elements are represented by 1, the parallel elastic components by 2, the series elastic components by 3, the vo rter at the apex of the heart to which these parts may be conceived to be attached by 4, and the connective tissue of the atrioventricular ring by 5. As depicted, it is apparent that the ventricular wvalls hare no anatomnicallq fixed initiacl length, as do skeletal muscles, or cavity volume. aspects of the measurenuents of the several elements of the mnachinery are not yet comnpletely defined. Nevertheless, it is clear that in such an arrangemenit the external manifestations of contraction, such as cavity pressure changes or cavity volume changes, will be a distorted version of the time course of the development and dissipation of the active state in the contractile eleinents themselves. The amount of distortion will be determined by the characteristics of the resistive action of the elastic components and the viscosity exerted by the inediunm within which the contractile elements move.
Furthermore, the machinery of the heart is located within the walls of hollow chaiibers, each of whiclh forms a venitriele or ain atrium. The origin and insertion of the cardiae muscle fibers are at the connective tissue which constitutes the atrioventricular junction. In the case of the ventricles, the muscle fibers sweep down in a complex series of spirals with most of them forming a vortex at or near the apex, from which they sweep back to the base. A fiber band starting ante-riorly anid superficially at the base GL the left ventricular wall nlay return to the base in the interventricular septum or niear the endocardium of the posterior wall of the right ventriele-to mention only one of innumerable possibilities. Unlike skeletal muscle, and more like manv forms of smoothmuscle structures, there is no fixed resting length to these fibers. This leads to certain peculiarities of the cardiae twitch in situ (see below).
The cardiac musculature in the ventricles operates as an after-loaded muscle. When systole begins it contracts isovolumically against the volume fixed within its ehamber at the end of diastole. During ejection, the load is inereased to a varying extent, being determined, as the ventricle empties some of its blood content, by the varying total resistance in the arterial tree downstream to the heart. Thus, the forces upon which the ventricle works during ejection are different in character from those present when it starts to contract. The character of the heart 's contraction, therefore, is determined not only by Circulation, Volume XXVIII, Jutly 1963 its initial load but also by the state of its after-load from moment to moment. Two aspects of the heart's contraction that depend on this after-loading need amplification.
The cardiac ventricle in situ can, at least theoretically, be made to contract (1) without change in its cavity volume (isovolumically), (2) without change in its cavity pressure (isobarically), and (3) with a change, varying in degree and time course, in bothi its cavity volume anld pressure (auxotonically). In botth the isovolumic contraction and the isobaric contraction the heart does no useful external work upon the blood it contains. In the first instance this obtains because no cihange in volume will have occurred ;* in the second instance, because no rise in the blood pressure will have taken place.t Therefore, in both the isovolumic and the isobaric contraction the external work is (or, more accurately, approaches) zero, while in auxotonic contraction the external work will be measurable. At any given initial state, the external work done will be less the closer the auxotonic contraction approaches either the isobaric or the isovolumic type of eontraction. The curve showing the external work done by the heart under different auxotonic conditions will, therefore, be dome shaped, dependent on the range of the characteristics of the different after-loads ( fig. 2 ).
Changes in the after-load also modify the velocity of contraction. This may be expressed either as dP/dt, representing the rate of cavity pressure change, or as dV/dt, representing the rate of volume change. (Afterload changes are more apt to affect both simultaneously.) In addition, change in the after-load can also alter the duration of systole and ejection. Modification of the duration or velocity of contraction can each, per *Although local changes in shape of the chamber can be considered as constituting work in the physical sense this work is not useful, since no blood will have been expelled from the chamber. tHowever, some work will have been done by imparting kinetic energy to the blood leaving the heart at varying velocities.
Circulation, Volume XXVIII, July 1p68 y ct. icork performed by the ventricle under different conditions of contraction. The external wvork is zero in both the isovolumic and isobaric contractions. There is external work over the entire range of auxotonic contractions, the amount of which decreases the nearer the character of the contracting state is moved toward either the isovolumic or isobaric type of contraction. se, alter the amount of the stroke volume. Ii turn, these changes in stroke volume can alter the systolic residue of the heart chamber, even when the initial state of the heart is unchanged. It is thus apparent that the manifestations of cardiac contraction in situ depend not only upon the initial state of the heart but also, to a large extent, upon the after-load existing during its contraction. Furthermore, the change in systolic residue produced in this way by the after-load will result in a shift in end-diastolic volume of the subsequent beat in the same direction unless the effect is neutralized or overbalanced by the factors affecting filling of the ventricle. For example, both increased velocity of contraction and lengthening of ejection time, which can be induced by an augmentation in after-load, will lead not only to an increased stroke output and a decreased 119 A 1KATZ systolic residue but also to a decreased diastolic heart size. Inotropic agents like Cal ± an-d cateeholaminies acting to augmentt the velocity of conitractioni, and in spite of abbreviation of its duration, will modify systolic residue and diastolic heart size in a similar nanner. The same is true of acceleration of heart rate. In short, the heart, because it lacks an anatomically fixed diastolic size, permits other factors than the amount of blood returning to it from the periphery to determinie its size and performiance. In the past so mtiuch attenitioni has been focused upon the effects of venous returnthat these other factors have not been given their proper significance in assayinig the determinants of cardiac size anld performance.
The Geometry of the Heart
The heart is a compression pump. During its systole, the walls of each ventricle compress the blood within its chamber. During diastole blood entering the ventricular cavity distends the chamber. Work is done by the heart wall in systole and upon the heart wall in diastole. The wall of the heart also does work in diastole in sucking in blood but this is so minute that it is of no real significance.
The actual compression work in systole is performed by the contractile machinery in its wall (ef. fig. 1 ). Through the application of Laplacees law, this is due to an increase inj the circumeferential tension in the wall, which at any point consists of two opposing forces, C1 and C2 ( fig. 3 ). These circumferential tension forces can, in turn, be resolved veetorally into other forces. There are tangential
Figure 3
A diagram representing a portion of the wall of the heart to show? the tension forces operating upon any point, A, in the center of the wtall equidistant from endocardium and epicardiumn. These forces consist of the tIvo circumferentially oriented tension forces, C, and C2, of such a mnagnitude that the two tangential tension forces, T1 and T2, into which they can be vectoarally resolved are opposite in direction but equal in magnitude to each other. The other vector is a centripetally directed tension force, R, which is equal and opposite to the centrifugally directed force exk"erted b),i/ the pressure in the heart's cavity? at thsi. point.
Circulation, Voliuine XXVIII, July 1963 1'0:9d() forces (T1 and] T.,,) that are eq(ual to each] other but opposite in directioni. In additioni, there is a centripetal force acting along the radius (R) that is opposite and equal to the centrifugal force exerted along this radius by the cavity pressure. The pressure developed is the sum of all the centripetally oriented tension forces (L R) divided by the total surface area (A) of the heart I R cavity at the moment, i.e., P = A Since tle curvature of the ventricle is quite variable, as its wall thickness, inequalities may develop in the magnitude of R from point to point of the heart chamber. These inequalities in R are erased by fraetional movements of parts of the heart wall which permit the circumference of each part to adjust appropriately. These fractional movements are part of the energy of the heart 's machinery not manifest as external work, since they do not directly help t-o compress the heart chamber. They explain the changes in shape that occur during the first part of systole, the isovolumic phase (erroneously called isometric phase in the past).
As the pressure in the ventricular chamber rises, it begins at some point to exceed that in the aorta or main pulmonary artery. When this difference is great enough to overcome the inertia of the semilunar valves and of the stationary blood in the ventricular ehamber, ejection begins. Ejection continues as long as there is a pressure difference across the semilunar valves sufficient to maintain the momentum of the ejected blood. Ejection involves a decrease in the volume of the ventricle and is aecompanied by a decrease in the surface area of the cavity.
Roughly, by analogy to a sphere, it can be stated that the amount of surface area change will be equal to the square of the cube root of the volume change of the heart, and that the change in the diameter of the heart will be equal to the cube root of its volume change. It follows from this that different amounts of change in surface area, and in diameter, will be required to produce the same volume ehange in hearts of different sizes, the bigger Circulation, Volume XXVIII, July 19627 lieart requirilng less chaiige in diaimleter. Size of the heart will, therefore, significantly alter the character of the after-load. It will modify the amount of shortening of the individual fibers for a given stroke output. It will also alter the centripetal component of the wall tension and the surface area of the heart cavity, and hence will modify the amount of circumferential wall tension necessary to produce a given intracavity pressure. Therefore, the larger heart, for example the failing heart, must exert more wall tension in order to achieve a given amount of intraventricular pressure. It clearly follows, then, that the size of the heart plays an important, though not obvious, role in the heart 's performance.
Even during a single systole, the heart ordinarily halves its size, so that the conditions during the last phase of ejection will on this aecount, as well as others, be strikingly different from those in the earlier phases of ejection. The smaller heart at the end of ejection will be able to maintain a given intraventricular pressure with a smaller wall tension than in early phases of ejection. Furthermore, near the end of ejection, the amount and rate of wall shortening necessary to produce the same rate of discharge of blood from the ventricle will be increased as compared with that earlier in ejection. In addition, each unit of wall thickiiess will be required to create a lesser proportion of the total tension of the wall than at any other time during ejection, since the wall becomes thickest as ejection ends. The shape of the heart changes during systole as well as its size, and this too will influence its performance. The subject of shape, however, is so complex and there has been so little definitive work done upon this aspect that for the time being it must be omitted from further consideration.
It is apparent from the foregoinig discussion that the geometry of the heart is an important factor in determining its performance. Its effect on the oxygen requirements of the heart are considered below.
Task of the Heart
The heart has a dual function to perform in the economy of the total organism. It must maintain an adequate circulation in keeping with the needs of the several organs, and it must prevent engorgement of the central venous system as blood returns to it. Circulatory insufficiency develops when the heart fails to do either or both of these two tasks. This is the cardiac form of circulatory insufficiency. It constitutes cardiac incompetency which over a period of time can lead to congestive heart failure. Circulatory insufficiency may also arise from noneardiae causes in which the return of blood to the heart is reduced to the point where the heart can not maintain an adequate circulation. In these latter circumstances the heart cannot, for very long, pump more than is returned to it from the venous system.
The heart is an organ that ordinarily is attuned to keep its output over any extended period commensurate with the amount of blood it receives. A number of homeostatic mechanisms are involved in this adjustment. They are cardiac end-diastolic volume, systolic residue, and heart rate.
End-diastolic volume is determined by four independent variables: (1) the amount of the systolic residue, (2) the ventricular diastolic tone (see below), (3) the duration of the filling time, and (4) the filling pressure-the mean net difference between the pressures in the atrium and ventricle during the filling phases of diastole.
Each ventricle can be considered to have four states during the cardiac cycle: (1) a fully relaxed state (surely encountered when the heart beats slowly), (2) a state of contracting (which is its systole), (3) a fully contracted state (encountered or approached by the end of systole), and (4) a state of relaxing (which is its diastole until the period of diastasis begins).
In the fully relaxed and fully contracted states the inherent physical properties of the heart muscle are static, but in the periods when it is in the process of contracting or relaxing these properties are changing. The rate of change of these properties, while oppo-site in direction, is about as rapid in the relaxing state as in the contracting state. The inherent physical properties of the ventricle are different when it is fully contracted than when it is fully relaxed. This can be depicted by curves relating cavity volume of the ventricle to the cavity pressure ( fig. 4 ). The two curves relating volume to pressure can be considered to define the systolic and diastolic tone of the ventricle. It is, of course, apparent that these curves not only represent the state of the contractile elements themselves in the fully contracted and fully relaxed ventricle, but also the state of the resistive forces existing in the ventricle at these times. Viscosity factors should, however, not enter into consideration, if the periods of the fully relaxed and fully contracted ventricle occupy an interval sufficient to permit forces to come into static equilibrium. The systolic and dias- Circulation. Volume XXVIII, July 1963 tolic tone curves depict the limits within which the ventricle operates as a compression pump during its cycle.
Diastolic tone has not been found to change measurably under ordinary circumstances, but under abnormal circumstances, such as hypoxia, coronary insufficiency, and heart failure, there is no doubt that it can. The possibility exists that inotropic agents may also modify it, but studies are needed to settle this point.
Systolic tone is more variable than diastolic tone and it is undoubtedly influenced by inotropic agents of various sorts. The systolic residue remaining in the ventricle when its systole is ended depends upon systolic tone-as well as upon the character of the after-load, the duration of ejection, and the velocity of the ventricular contraction. These several factors affecting systolic residue involve neurohumoral mechanisms which have the inotropic properties of the contractile mechanism as their target. Appreciation of these factors has led to the realization that the Frank-Starling effect operating via enddiastolic volume is only one of a number of determinants that influence the performance of the heart.
As important a determinant of cardiac performance as either end-diastolic volume or systolic residue is the frequency with which the heart beats. The minute output of the heart, for example, is determined not only by its stroke output but also by its beat frequency. During exercise and the operation of various sorts of stresses, the minute output of the heart is augmented to a greater extent by the increase in heart rate than by the increase in stroke output. It must be borne in mind that, with a fixed minute output, acceleration of the heart rate will reduce the stroke output. Hence, any augmentation of minute output when the heart rate speeds up actually represents an augmentation of the stroke output above that expected at the faster heart rate. The fact remains, however, that an increase in minute output in the intact animal or in man is usually Circulation, Volume XXVIII, July 1968 accompanied by an acceleration in heart rate and is less often associated with an augmentation of the stroke output above its resting value. The adjustment of beat frequency is a physiologic regulatory mechanism that involves neurohumoral mechanisms acting upon the primary (and sometimes secondary) pacemakers of the heart.
The hemodynamic conditions for filling are not uniform during diastole. Filling is absent during the period of isovolumic relaxation, is rapid in the earlier phase of filling, and slows during diastasis. Progressive acceleration of the heart rate will, at first, shorten the diastasis primarily and only later will the rapid inflow phase also be abbreviated. This means that when the atrial pressures remain constant, the stroke inflow into the ventricle will initially be little affected as the heart speeds up. At faster heart rates the stroke inflow will decline progressively. Hence, the minute inflow, and with it the minute output, will increase at first when the heart rate speeds up. A summit will be reached as the heart rate accelerates further. With still faster heart rates, minute inflow and minute output will decline. Thus, when the atrial pressure remains constant, changes in heart rate per se will have a variable influence on cardiac minute output, depending on the degree by which the heart rate has accelerated.
Finally, the heart has recourse to still another mechanism whenever it is subject to a ehronic augmentation of its load, whether the load increase involves an augmentation of its diastolic input, of its systolic resistance to emptying, or is of a nature not so readily defined. The chamber hypertrophies in response to such loads, thereby increasing the amount of contractile machinerv. The presence of hypertrophy means that each unit of the thickness of the ventricular wall now has to contribute less to the circumferential tension created at any cross-section of the heart wall than before hypertrophy appeared.
Hypertrophy is a reversible process with a long time-lag.
Thus, it is apparent that the heart has sev-I2CATZ eral important niechainisns by whicvh it canl adjust its performance to the task it has to meet. End-diastolic volume, which is the initial condition at the start of contractioni, is only one of them. The amount of the systolic residue, the velocity and durationi of contraction, and the mass of the contractinig muscle are also significantly involved.
These several inechanisms by whiceh the heart ineets an increased load are initerdependent. The more one is used the less immediate need there is for the others to act. It would appear that as hypertrophy develops in response to a persistent increase in load and takes over compensation, the other meehanisms abate. This is best evidenced clinically by the reductions in heart rate anid heart size that often accompany the appearaniee of hypertrophy resulting from an overload.
The extent to which these several compensatory mechanisms cani operate is limited before the detrimental aspects of their use exceed the potential benefits. This sets an upper limit to the capacity of eaeh to compensate for an augmented load. A rational definition of cardiac reserve follows from this fact; niamelv, the sum of the differences between the magnitude of each of the compensatory factors existing at any one tirne and the maximum amount by which each can be increased before the performance of the heart declines.
The Work of the Heart The work of the heart can be defined in terms of its external mnanifestations in the aorta and pulmonary artery. These external manifestations are blood pressure arid blood flow. Exterilal work of the heart is defined clearly by the following equation:
where EW is the external work of (the left or right) ventricle per stroke; (a) is the expression definiing the potential energy imparted to the blood leavinig the ventricle during ejection froin its beginning (E1) to its end (E2) as determined by the pressure (1P) i-nlparted to each inc'rement of blood vol-ume ejected (dV) ; antd (b) is the expressioni defining the kinetic energy iiiiparted to this blood during this same ejectioni period, as determined by the square of the linear velocity (v) imparted to each increment of blood niass ejected (din) and corrected by dividing the values so obtained by two times the gravitational coiistant (g). The kinetic energy factor (b) is disregarded in ordinary computations, siniee experience has shown that it is normally very small comnpared to the potential energy factor (a). Most investigators have actually sumplified the calculatioIn of EW still further to:
PV in the foregoing equations is the product of the stroke output (V) times the miean pressure in the aorta or main pulmonary arterv (or, more accurately, the mean pressure existmv 2 ing during ejection), and 2 is the product 2go of the mass of blood (m) ejected during the systole times the square of the mean blood linear velocity (v) in the aorta or main pulmonary artery (or, more accurately, the mean blood velocity during ejectioni) divided by two times the gravitational constant (g).
The foregoing formulas define the useful external work of the heart, since they reflect the actual effects of the heart beat by which the circulation is maintained adequate for body needs. Actually, however, the heart is a compression pump and as suclh its work canbest be expressed geometrically as a workdiagram ( fig. 5 ). The work-diagrani depicts the moment-to-inonient variationis in the relation existing betweenl venitricular cavity pressure and volume during a heart eyele. Figure  6 represents an idealized work-diagram of the human left ventricle. A similar construct can be made for the right ventriele. The area enclosed by this work-diagram represents the net compression work done by the ventricle. It depiets the difference between the work done by the left ventricle upon the blood contained in its chamrlber during its systole (A to I). fig. f6 ) and that done upon th*e walls of Circulation., Volunte Points on the work-diagrams are 0.02 seconid apart except in the latter part of diastole. Ordiniate values represent ventricular pressure in mm. Hg and the abscissal values represent volume differences in ml. X in the abscissa indicates that the absolute volume of the ventricle wvas not knowvn. A and A' represent end-dia,stolic conditions in the two work-diagrams, and C and C' the end-systolic conditions. Technic used is discussed elsewhere.2 the left ventricle by the blood enterinig it during diastole (D to A). As figure 7 shows, such work-diagrams graphically reveal some of the means by which the performance of the heart is modified, as for example through a change in end-diastolic volume (ef. work-diagrams 1 and 6) or through a change in systolic residue (ef. work-diagrams 1 and 7).
In the practical derivation of such workdiagrams it is necessary to record ventricular pressure simultaneously with the cyclic volume changes in the same chamber. It is not Circulation, Volume XXVIII, July 1963 too difficult to obtaini -ventricular pressure eveni in the elosed-chested unan-iesthetized dog( and in nian. However, the assessmelnt of the volume variations is beset by many problems when the chest is unopened, and there are inherent difficulties eveni wihen the clhest is openi.
The recording of heart volume in the intact organism has been approached by biplane anigiocardiography, inidicator-dilution technics, or (only in animals) electromagnetic miieasurements of the heart's cross-section area simultanieously with strain-gage recordings of the ventricular base to apex diameter. The The result is an increase in stroke outtput from 60 to 80 ml., with the systolic residue also increasing by the same amount. The change betwveen work-diagrams 1 and 6 is an expression of the Frank-Starling effect. This change is associated with a rise in end-dia,stolic volume along the normal diastolic tone curve. WTork-diagramwhen compared with work-diagram 1 shows howl. an increase in stroke output, of a degree similar to that caused by a shift from uwork-diagram 1 to wvork-diagra)m 6, can take place without any change in end-diastolic volume. The end-diastolic volumes in work-diagrams 1 and 7 are both equal to 120 ml. The increase in stroke output from 60 to 80 ml. betwveen these two work-diagrams occurs because the inotropic properties of the ventricle have been augmented; its systolic tone is, thereby, increased so that its systolic residue declines from 60 to 40 ml. In this case, the increase in stroke output takes place because of an encroachment upon ventricular s'ystolic residue without the end-diastolic volume having been affected. This cycle of events can continue indefinitely as long as the systolic tone of the heart is enhanced. tively cultivated because it holds great promise of giving a more complete understanding of the performance of the heart.
The Determinants of the Oxygen Consumption of the Heart There are several peculiarities of the heart that are important in relation to its oxygen consumption. It is constantly beating and, therefore, unlike skeletal muscle, it has no long periods of quiescence. Consequently, the heart must restore its energy completely during the short period of diastole before the heart cycle starts again. Otherwise it would cease to beat within a few cycles. Histologically, the requirement for oxidative recovery is reflected in the large number of mitochondria the heart contains in comparison to the smaller number seen in skeletal muscles, which contract intermittently. The heart has a low oxygen debt capacity. Moreover, it extracts oxygen more completely from the blood which nourishes it than do most organs, as evidenced bv the coronary venous oxygen content, which is ordinarily reduced to about 7 volumes per cent. These last two characteristics make the heart particularly susceptible to hypoxia.
In addition, the heart operating in situ has a low mechanical efficiency as far as its external useful work is concerned (see above). No more than 10 to 15 per cent of the energy released by its own oxidative processes, as reflected in cardiac oxygen consumption, appears as potential (and kinetic) energy in the blood that leaves the heart. The heart in this sense is a poor pump. But its task is to adjust blood flow promptly according to need without primary concern for economy of eniergy expenditure. It would appear from our studies that the heart is rather flexible in its ability to adjust its oxyygen consumption quickly to the magnitude and character of its performance. This is one of the outstanding eharacteristies of the heart.
The low external mechanical efficiency of the heart cannot be related to the amount of oxygen consumed in maintaining the integrity Circulation, Volume XXVIII, July 1963 of its architecture. This accounts for only 2 ml./min., which is about 15 per cent of the oxygen ordinarily consumed by the heart. It is due rather to the fact that the heart, in addition to the dynamic effort actually used by it to propel blood, also exerts a significant static effort as a compression pump. The latter role creates and maintains a comparatively high tension in the ventricular walls and a high pressure in the ventricular cavities during systole. This was demonstrated by us recently when the left ventricle was made to contract isovolumically, so that no blood was pumped out and no external useful work was done. The left ventricle under these circumstances consumed oxygen at about the same rate as when blood is pumped, despite the lack of useful external work. Thus, oxygen consumed by the heart is primarily used in the creation of tension in its walls rather than in relation to the expulsion of its blood content.
The external mechanical efficiency of the heart ejecting blood increases when the stroke ouLitput is raised. It changes little when the arterial blood pressure is raised and declines when the heart rate is accelerated. This suggests that cardiac oxygen consumption is determined to a large extent by the manner in which its external work is accomplished in terms of heart rate, arterial blood pressure, and stroke output.
In animal experiments, it is easy to adjust the heart's activities in three ways: namely, by alterations of (1) the frequency of its beat (HR), (2) the arterial blood pressure (BP) in the systemic or pulmonary circuit, reflecting the resistance against which the heart ejects blood, or (3) its minute output (CO). Off and on, since 1918, when I first became interested in this subject as a student of Carl J. Wiggers, these have been the means by which we have adjusted the performance of the heart. Heart rate was usually changed by an artificial pacemaker, blood pressure by using an arterial clamp, and minute output by varying the venous return. The effects of nervous, hormonal, physical, and chemical Circulation, Volume XXVIII, July 1963 factors upon the performance of the heart were analyzed in terms of their influence upon these primary variables, before aseribing to them any independent action upon the myocardium.
It was natural, therefore, that the first correlations that our group would seek in analyzing the determinants of cardiac oxygen consumption would be in relation to the effects of each of these three variables, HR, BP, and CO. These studies clearly established that cardiac oxygen consumption (02C) depends on BP and HR, but not per se on CO. Furthermore, when the data of a large number of experiments were correlated, it was found that 02C had a fixed relation to the HR.BP product; that is, the ratio 02C , HR*BP approached a constant. This also meant that stroke 02C was linearly dependent upon BP. These relationships were found to be true, whether or not the heart did external work (cf. fig. 8 and open circles in fig. 9B ). They also held, in the case of the heart that is eject- A graph (taken from reference no. 3, fig. 6 ) relating, in a single experiment, 02C to the product HR.PP, where PP is the left ventricular pulse pressure in a dog-heart preparation in which the left ventricle is beating isovolumically and ejecting no blood. If one considers the different types of preparation employed and the different natures of the pressure index used, it is surprising that the order of 02C for a given unit of the pressure index is so close to that obtained in a heart ejecting blood (cf. fig. 9B ). For details of the preparation consult previous report. The solid lines represent the calculated regression lines and the dashed lines define the standard deviation for the control and the full ouabain effect periods. The ouabain was perfused into the tubing leading to the pulmonary arteries and the dose was calculated on the basis of 50 gamma/Kg. given at a speed of 38 gammammin. It will be seen that ouabain shifted the relationship of the F BP and the 02C ratio in such a manner HR-BP HR*BP that both CF and 02C were increased for any given lev,el of cardiac performance.4 iug blood, over a wide range of arterial blood ()2 content, pCO2, and pH and even at temperatures as low as 27 C. In the first sets of dog-heart experiments in which these relationships were systematically studied by our group, the systemic blood pressure ranged from 50 to 180 mm. Hg, the lheart rate from 30 to 180 beats per minute, and the minute output from 12 to 2 liters per minute. In these and subsequent experiments we have confirmed that 02C is related to the HR . BP product over a wide range of cardiac performnanee levels.
However, deviation from the approximate constancy of the relation between 02C and the HR BP product was found to occur under certaini eircumstances. For example, when the heart is depressed by marked hypoxia, the ratio 02CP declines, so that the heart HR*BP appears to utilize its oxygen more effectively for its performiance. It is presumed, therefore, that this might occur in hearts subject to coronary artery occlusion. A similar improved effectiveness of 02C accompanies the spontaneous change in the heart 's performnanice which develops occasionally when it is subject to undue stress. Changes in the H B2CP ratio also are found to occur when eatecholamines, Ca++ or ouabain ( fig. 9 ) are exhibited. The reasons for these deviations in the HR02C ratio have not yet beein thoroughly worked out. In part, this stems from the fact that the HR BP index of 02C is a rough approximation. Actually, a better index could be obtained from the area of the left ventricular pressure curve. This would be more closely related to the pressure cycle actually created in the ventricular chamber by the heart acting as a compression pump. It is not yet clear whether the left ventricular pressure area to be measured in calculating the index is that developed (1) during the period of ventricular activity from-the onset of systole until after active relaxation is over, (2) during the entire period of ventricular systole, or (3) during the phase of ventricular ejection only. Studies are in progress to settle this point. Even the best of the above pressure indices have an inherent error because cavity pressure is not a fixed function of the existing ventricular wall tension with which 02C should be primarily related. Any pressure index is of course limited by the fact that its relation to heart wall tension is dependent on the size and shape of the hollow viscus (the ventricular chamber). The latter is variable not only during the heart cycle but also when the load upon the heart and the character of its performance alter. This relationship, as expressed by Laplace 's law, between cavity pressure and wall tension is a complex one. What we need is a tension index of 02C. What we have is a pressure index. Nevertheless, it is surprising that the correlation of stroke 02C to the developed ventricular cavity pressure is as good as it is, considering the nature of the variables involved.
Some of our recent work suggests that the heart in situ exhibits a phenomenon resembling the Fenn effect noted in skeletal muscle, i.e., the 02C is augmented when the extent of muscle shortening is increased, as seen with diastolic heart size decrease at a fixed stroke output. This is dependent on the geometry of the heart (see above). In addition, there is evidence to suggest that 02C is also augmented when the velocity of ventricular contraction is increased, as revealed by an increased rate of rise of pressure or by a similar effect on the rate of decrease in ventricular volume (see above). The magnitude of these two effects, amount and velocity of muscle shortening, upon 02C has still to be defined more quantitatively as far as heart muscle is concerned.
Furthermore, 02C is dependent on the nature of the complex series of chemical changes occurring within the heart during the cardiac cycle. There are suggestions that the series of chemical events which lead ultimately to 02C may alter under different eircumstances, Circulation, Volume XXVIII, July 1963 so that the heart may require more or less oxygen for the same kind of work performance. The details of these chemical modifications and their effects upon 02C require much more study.
Finally, the heart also extracts substrates other than oxygen from the blood passing through the coronary vascular bed, and eliminates other materials besides C02 into this passing blood. It is highly probable, therefore, that some of the oxygen required to sustain the performance of the heart is not reflected in cardiac oxygen consumption. Other organs in the body may take incompletely oxidized substances eliminated into the blood stream by the heart and complete their oxidation. These oxidized materials can then be passed back from these distant organs into the blood for the heart to extract. The heart in this sense can be considered "parasitic" upon the rest of the body. The extent of the heart's dependence upon such substrates prepared in other organs may vary under different circumstances with resulting deviations in the heart's oxygen requirement for the work it performs.
It is apparent from the foregoing that while the HR * BP index of 02C is a good starting point for understanding the manner in which the heart makes use of its energy, there are still many unanswered questions in regard to this relationship. Their final solution will afford much insight into the details of the heart's performance.
One significant and unexpected fact has emerged from these studies so far, namely, that mechanisms to conserve the oxygen supply available to the heart appear when marked hypoxia develops or under conditions of severe stress. Under these circumstances, the heart, apparently alters its metabolic mechanisms in order to use more effectively the oxygen available to it in the performance of its compression work (fig. 10 ). The nature of the change in metabolic pathways remains to be worked out. Similarly, the manner in which inotropie agents act upon the effective- cally contracting left ventriele, was dependenit on CF. 02C also rose as left ventricular peak systolic pressure rose, and in proportion to the rise in CF. The heart's performance in this case was dependent upon CF and, thus, coronary flow did determine cardiac oxygen consumption. Such a state of affairs may be considered to exist in pathologic or abnormal states where coronary flow is relatively or absolutely insufficient for the needs of the heart. In such states, improvement of coronary flow will per se increase the performance of the heart insofar as 02C can thereby be increased ( fig. 11, A to B) . Ordinarily, however, this does not occur.
Indutced changes in CF ordinarily have no such effect on the heart's performance or on its oxygen consumption ( fig. 11 , B to C). With 02C unchanged, what happens is that the coronary A-V 02 A declines with the rise in coronary flow and as a result coronary venous blood becomes more arterialized.
Thus, under the ordinary circumstances in which the heart's performance is independent of induced coronary flow changes, the fact that the CF ratio tends to remain constant Circulation, Volume XXVIII, July 1963 over a wide range of cardiac performance must denote that 02C determines CF (fig.   12 ). The coronary flow rate is thus metabolically adjusted to keep the oxygeni available to the heart closely attuned to its oxygen consumption. This metabolic adjustment is another example of homeostasis and represents a form of autoregulation.
Metabolic adjustment of CF to 02C is of paramount significanee. It is far more powerful than the mechanical factors regulating coronary flow which are dependent on (1) the force driving blood through the coronary bed, i.e., the difference between aortic pressure and coronary capillary pressure, and (2) . CF ratio are caused by factors that affect coronary caliber independently of the paramount metabolic adjustment. These are accompanied by changes in the A-V 02 A and venous 02 content of the coronary bed. Several will be mentioned. Hypoxemia causes the C ratio to inerease.
02C
As the arterial 02 content declines there is also a fall in the coronary A-V 02 A. The venous 02 content, therefore, falls less than the arterial 02 content. It is significant, we believe, that in hypoxemia the per cent of oxygen extracted by the heart remains constant, despite the decline in coronary A-V 02 'A and coronary venous 02 content. It would seem that the hypoxemically induced coronary vasodilation is so regulated that the 02C 13), hypereapnia ( fig. 14) , acidemia, Ca++ an-d ouabain. A similar change occurs when the heart is subject to undue stress. As a result of a stress-adapting mechanism the HR2CP ratio is reduced (see above). An figure 15 . Like the mechanical effect of augmentation of aortic pressure, the augmentation of the C ratio 02C caused in these ways is accompanied by a rise in coronary venous 02 content and a fall in coronary A-V 02 A. These agents and mechanisms also lead to an excess of oxygen available to the heart in relation to the oxygen it consumes, i.e., a reduction in the per cent 02 extracted by the myocardium.
The action of these agents and mechanisms upon the coronary vasculature thus must operate independently of the paramount metabolic control that persists even in hypoxemia. In part, they represent changes in the mechanical factors controlling the coronary flow. hIowever, they are primarily actions that operate upon the walls of the coronary vessels independent of the metabolic control. An integration of the interrelationships among the several determinants of coronary flow is showni in figure 16 to summarize the facts.
Summary
The heart is a pump built for quick adjustment of its performance to changing load. It has a low mechanical efficieney in terms of the energy cost of its external useful work. It is primarily a compression pump and the cyelic variations of its pressure-volume relationships define a measure of the compression work that it does.
The heart has no fixed initial length, or rather, sinee it is a hollow viscus, no fixed initial volume. Certain peculiarities in its performance depend on the geometric relationship between mechanical events taking place in the walls of the heart and the resulting effects upon the blood in its chamber. These include the influence of velocity and duration of contraction on its size and the influenee of size on its performance. The heart 's minute output is determined not only by its diastolic size but also by its systolic residue and the frequeney of the beat. It is likely that both of these latter parameters are altered in the physiologic regulation of the heart beat.
While the frequeney of the heart beat and the level of the blood pressure against which the heart works are closely linked to the oxygen that it consumes, its stroke output has practically no influence on its oxygen conlsumption. Hence, the product of blood pressure and heart rate constitutes a good first approximation of an index of the heart 's oxygen consumption. The directions in whicl a better index should be sought are outlined. Factors that determine variations of the ratio between cardiac oxygen consumption, oni the one hand, and the product of heart rate and blood pressure, on the other, are considered in trying to give meaning to the significanee of changes in the mechanical efficiency of the heart's external useful work.
Under ordinary conditions, the oxygen eonsumed by the heart cannot be altered by induced variations in coronarv flow. Nevertheless, coronary flow is found to be finely attuned to cardiac oxygen cionsumption. This relationship constitutes a paramount nietabolically induced autoregulation of coronary flow. This homeostatic mechanism is accoinpanied by a surprising degree of constanev of both the coronary venous oxygen ciontent and the per cent of oxygen extracted by the heart from each unit of the coroiiary blood.
Oxygen availability is finely attunied to the oxygen demands of the heart by the coronary flow autoregulation over a wide range of effort and during hypoxemia.
Coronary flow cian determine the oxygen consumption of the heart when the coronary flow is relatively insufficient. Under these abnormal circumstances, coronary flow operates to set the level of the heart's performance.
AMechanical factors can modify the coronary flow independently of the metabolic regulation, as is manifested by variation in the level of the venous oxygen content, in the per cent of cardiac oxygen extraction, and by the development of an excess of oxygen availability in relation to the oxygen consumed by the heart.
Certain humoral agents and drugs also can Circulation, Volume XXVIII, July 1963 modify coronary flow independently of this metabolic regulation. The manifestations of their action are revealed in the same way as in the case of the meehanical factors.
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